Abstract-The design, integration and realization of system in enhanced package approach towards fully functional system level integration by using a compact Bluetooth USB dongle as the demonstrator is presented here. The integration was done on FR4 substrates, which is totally compatible with today's printed circuit board manufacturing capability. A commercially available Bluetooth integrated chip was chosen as the chipset of our demonstrator, and a package integrated antenna together with an embedded front end completes the system in package integration. The front end developed here is based on an embedded meander line combline filter and an embedded transformer balun. The filter has a 35% area reduction when compared with the classical combline filter and similar performance. The balun has the coils distributed on three layers that minimized the board area needed it and optimizes the performances. The proposed packaged integrated antenna approach is successfully demonstrated here and the new module shows excellent performance when compared with a commercial solution, surpassing the normal Bluetooth class II dongle range which is up to 10 m and increasing the module range up to 120 m without an extra power amplifier.
Implementation of Packaged Integrated Antenna With
Embedded Front End for Bluetooth Applications I. INTRODUCTION R ADIO-FREQUENCY (RF) systems have progressed remarkably in the last ten years mostly due to the popularization of cellular phone handsets and other hand held devices that require wireless communication. It is expected that this trend will continue in the coming years as new applications that require wireless communication start to appear. New applications like logistics and intelligent home networks medical information systems are still in emerging phase but have huge potential market. The advancements in RF silicon and module in- tegration are expected to enable and support the frenzy wireless market development which is expected to grow with 20%-100% per year in the next several years [1] .
To meet a variety of requirements on RF modules such as technical performance, size, and cost considerations, two major design concepts system in package (Sip) and system on package (SoP) were introduced recently [2] . The difference between these two concepts is that in SoP approach some components of the system may be embedded in the package, while in SiP approach some components of the system maybe embedded in the substrate. However, the basic functions of the packages, namely, protection from hazardous environment, thermal protection, and electrical connection with the rest of the circuitry, remain the same for the both design concepts.
In the present paper, a novel system in enhanced package (SieP) design concept is introduced and demonstrated. The core of this design concept is using a package with enhanced functions that acts as a transducer providing additional connectivity between the system and the environment. In particular, in the RF module design presented in the paper the module package is designed to operate as a dielectric resonator antenna (DRA), while the antenna feed is integrated with the rest of the circuitry on a low loss substrate (Fig. 1) .
The main advantage of this approach is that the maximum available space is provided for the radiating element without significant increase of the module size. The shape of a dielectric resonator package and a particular feed structure is chosen to provide a specified circular polarized radiation pattern and the specified bandwidth of operation.
The proposed paper presents the design, integration, and realization of SieP approach towards fully functional system level integration by using a compact Bluetooth USB dongle as the demonstrator. The integration was done on FR4 substrates, which is totally compatible with today's printed circuit board (PCB) manufacturing capability. Further miniaturization and hybrid integrations still can be pursued by introducing more costly fabrication process but it has been avoided in this work as we try to stay as close as possible to the simple and well known FR4-PCB process.
The commercially available CSR BC04-ROM chip [4] , [5] was chosen as the main chipset of our demonstrator, which is a system-on-chip (SoC) solution for Bluetooth application having integrated at chip level the radio and baseband together with 4 MB of memory. Here we have concentrated on system level design, integration and functionality verification. The whole RF front end was implemented by using an embedded band pass filter (BPF) and embedded Balun in PCB [7] .
The embedded front end used in this module includes a meander line combline filter that has 35% area reduction when compared with the classical combline filter and it has similar performance-better that dB loss in the pass band, 110-MHz bandwidth and better than dB rejection outside of the pass band. The front end also includes an embedded transformer Balun, with the primary and secondary (differential) coils distributed over three layers. Due to its 3-D structure the Balun occupies a smaller space than the regular planar Baluns using the same PCB technology. The measured data of the Balun showed that the structure has a wide bandwidth of about 180 MHz for a better than dB differential loss. Also the amplitude imbalance of the device has been found to be acceptable.
Following the introductory Section I, Section II of this paper concentrates on the antenna characteristics and design. Further in Section III the front end of the module is presented. Detailed description of the design, modeling, and characterization of the embedded filter and balun are given. Section IV is dedicated to the system realization using the technologies described in Sections II and III. Section V shows the functional testing results where the new functional Bluetooth module is compared with existent modules in terms of distance and speed. Finally in Section VI we conclude the works through some key thoughts.
II. ANTENNA CHARACTERISTICS AND DESIGN

A. Package Integrated Antenna
As explained in Section I SiP offers an elegant and cost effective solution for a compact functional system that needs integration of few technologies. For example, a wireless handheld module transmitting and receiving information, needs an effective antenna. In our proposed solution SieP, an enhanced module is obtained by optimizing the space/efficiency ratio of the radiating element. To achieve this a dielectric resonator antenna is proposed and integrated at package level, which maximizes the use of the available space without compromising the size of the module. Most of the available published solution [3] , [6] , [10] - [17] , are based on planar antenna structures that suffer from low efficiency, reduce bandwidth, and are very prone to detuning. Our previous work [7] - [9] has introduced the concept of package integrated dielectric resonator. Here, the same structure is used (Fig. 1) , with the necessary modification such it covers the Bluetooth band. The antenna structure is shown in Figs. 2 and 3 , it comprises in a cylindrical dielectric resonator and an antenna feed, that are designed on one side of the sub- strate. The active devices are mounted on the other side of the substrate, and the power and ground system is designed in such a way that can provide appropriate power to the active devices and shielding them from the radiator. (Fig. 1) .
The resonator is excited trough a meander magnetic dipole (Fig. 2 ) that ensures a circular polarization for the antenna. A via hole connects the top layer to a 50-coplanar waveguide (CPW) on the bottom layer. Subsequently, the 50-CPW is matched to the Bluetooth module test-board which operates in an 80-environment, using a tapered quarter-wavelength transformer (63 ). Via holes are used to provide grounding from the top conductor to the bottom ground. To give sufficiently good grounding as a PEC sidewalls simulated in previous designs, the antenna structure is modeled with increasing number of via holes until the scattering parameter are almost identical to the results obtained using PEC sidewalls. The minimum number of via holes obtained through this method is found to be 15 equally spaced vias. The parameters of the simulated optimized antenna are presented in Figs. 4 and 5. The return loss (Fig. 4) shows three resonances at 2.50, 2.65, and 2.85 GHz. The antenna has a 16% impedance bandwidth at a level of dB covering well beyond the 100-MHz bandwidth necessary for the Bluetooth application.
A quick look at the radiation patterns at the frequencies of 2.46, 2.48, and 2.50 GHz shows the antenna having a smooth and symmetrical radiation pattern in the broadside direction within the wide bandwidth of 0.44 GHz.
III. FRONT END DESIGN AND CHARACTERAZATION
The front end circuitry between the antenna and the differential input of the RF chip comprises of an impedance matching network, a band pass filter (BPF), a balun, and another matching network.
A. Embedded Combline Filter
One of the most important components of the front end circuitry is the band pass filter (BPF). For the Bluetooth applications, the filter has to satisfy specification of a low insertion loss ( dB) over a narrow bandwidth of 100 MHz, center around 2.45 GHz in the industrial, scientific, and medical (ISM) band. Ceramic filters are normally used in this type of configuration but here a combline filter is embedded within the substrate of the module. The area occupied by the filter is similar with a normal ceramic counterpart but it comes for free as is part of the board fabrication cost. Combline filters are popular choice due to their good performances and a relative compact size. To further reduce the size a novel design based on a meander line configuration is used here [19] . Combline filter structures are constructed from mutual coupled resonators, here three resonators are used. Each resonator is built from a shunt shorted transmission lines loaded with a capacitance, which reduces the length of the transmission line. Electrically at the center frequency of the filter each resonator appears as 90 long. The coupling between neighboring resonators is done through a combination of magnetic and electric fields existent around each of the short transmission lines.
Microstrip on FR4 substrate transmission lines are used here. The design follows the methodology described in [18] . The initial structure (Fig. 6 ) has two different widths for the microstrips, W1, W2 which are 100 and 200 m, respectively. The loading capacitance for the two different microstrips is 1.5 pF (C1, C3) for outer microstrips and 0.47 pF (C2) for the middle transmission line. The spacing between resonators was 280 m and the length of the lines was 3.71 mm which yields a resonance at 2.40 GHz. A good matching to 50 has been ensured by choosing an appropriate tapping distance from the grounding point. The area occupied by the filter was minimized further through introduction of bends in the microstrip lines. All the other parameters, width, spacing, tapping position were kept fixed. The resultant structure had a 35% reduction in area (Fig. 7 ). The new structure was then solved and optimized using a full-wave simulator (HFSS). The meander combline structure was fabricated using conventional PCB technology. The thickness of the FR-4 laminate was 730 m and low equivalent series resistance (ESR) surface mount capacitor were used to complete the filter structure. To characterize the filter two port network S-parameter measurements in 1-3 GHz bandwidth were done. Very good agreement between the modeled and measured data was obtained (Fig. 8) . The filter is centered at 2.38 GHz, and has a bandwidth of 110 MHz, with a minimum 2.3 dB attenuation.
B. Embedded Transformer Balun
The balun (balance to unbalance) is another important component of the front end circuitry. It has the function to change a single-ended signal, a signal that is referenced to ground, to a balanced signal with equal potential with respect to ground but opposite polarity. There are several configurations available to realize balun structure; one of the most widely used is Marchand configuration [21] . However, the main drawback of this configuration is the size of it, as it employs quarter wavelength transmission lines at operating frequency to create the desire phase shift between the signals. Another approach is to use a transformer to create the needed phase change [20] . Here, a multilayer transformer was embedded into the substrate reducing the area occupied by the balun. The key of this design is the combination between the inductance of the windings and capacitance of an external capacitor to achieve the required impedance transformation and phase shift. The balun for the Bluetooth system needs to create an impedance transformation from 50 unbalance to 100 balance impedance needed at the input of the RF chip. The balun circuit model is shown in Fig. 9 , where port one is single ended, and port two and three are the differential ports. Two capacitors are used for matching the single ended input to the load impedance. The balun coils were design in octagon shapes and were distributed over three layers. The primary coil is on layer two and the secondary coil is distributed over the layer one and three. This 3-D design (Fig. 10) enables a more compact structure with better coupling. The necessary grounding is done through a via located at the inner end of the windings, and connected to the bottom ground on layer four (Figs. 10 and 11) .
The above structure was solved and optimized using HFSS. The balun was fabricated using regular PCB technology and measured using a two port measurement technique. Due to the fact that the balun is a three port device and the available vector network analyzer (VNA) was only two port, three measurements are needed to fully characterize the device. Each measurement is a two port measurement with the third unused port terminated with 50-broadband termination. Initially the termination of the unused port was done through a FPC GSG 400-m Cascade probe on which a broad band 50-termination was attached through the coaxial port. Measurements were done in the 100-MHz to 4-GHz bandwidth and the differential mode insertion loss (DML), common mode insertion loss (CML), and amplitude imbalance for the balun were extracted. The results of the common and differential loss are shown in Fig. 12 . One can notice that the DML matches very well with the simulation results but for the CML the discrepancies between the measured and simulated data are quite large. The DML and CML are computed using (10) and (11) . It can be notice that for the differential case any error that might have been introduced through the measurement process is subtracted out as long as is consistent (same error with the same value for all the measured cases). However, for the CML case the error adds-up and the results are very different than expected (10) (11) Following this observation the termination using the probe with the 50-load was changed with a 50-solder resistor, and the measurements were repeated. The results showed much better agreement with the simulation data (Fig. 12) . The error noticed in the first instance was due to the longer return path for the current due to the FPC probe, which was added to the measurement set up but was not calibrated out.
Low ESR 0402 surface mount 0.5-pF capacitors were used on the measured test vehicle. With this setup a 290-MHz bandwidth with amplitude of dB and phase imbalance of 7 was obtained. However, a shift in the designed center frequency was noticed, instead of 2.45-GHz center frequency a 0.2 GHz shift to 2.25 GHz was obtained. Further investigation through correlation of the simulation and measurement results showed that the shift is mainly because of an extra capacitive parsitics present in the fabricated structure due to a thinner dielectric layer in the fabricated test vehicles. In order to compensate for this shift the input capacitance was reduce to 0.4 pF. The new setup had a smaller bandwidth of 190 MHz where the amplitude imbalance was better than dB and the center frequency has been shift to 2.42 GHz, hence the Bluetooth ISM band is well covered. By using the 50-solder resistor as termination for the unused port, the phase imbalance was improved to within 4 .
C. Filter-Balun Integration
The proximity of the filter to the balun and their distributed characteristics can create unwanted electromagnetic coupling between the two embedded structures. To make sure that parasitic coupling between them is minimized a simple simulation experiment was set up. The full chain (Fig. 13) filter and balun was model in the full-wave simulation environment. The HFSS 3-D model was able to capture any possible electromagnetic field coupling between the two devices. Separately HFSS models of the balun and filter only were solved and the S-parameter of each block was imported in a circuit solver.
The chain was then built, using the S-parameter data into the circuit simulator (ADS from Agilent Technologies, Santa Clara, CA) and solved. In this model no coupling was included. The results were compared in terms of amplitude and phase. As the chained structure was a three port device, a DML and CML were computed to use the result as comparison gauge (Fig. 14) . The S-parameter results were also compared. Good agreement was obtained between the circuit model and full-wave solution was obtained for the case shown in Fig. 13 . This gave us confidence that the coupling between devices is minimized for this particular arrangement of the filter and balun and will not interfere with a normal functionality of the system. This arrangement (Fig. 13) was used in the final module (Section IV).
IV. SIP INTEGRATION AND FABRIACTION
As mentioned earlier the integration platform used was regular PCB substrate on which all the above described blocks, antenna, filter, and balun could be integrated together with the rest of the active components to form a completely functional Bluetooth system.
The module substrate had six layers. The first top two layers were used for the antenna feed layer. The third layer was used as a general grounding for the whole module. The fourth and fifth layers are for the power and ground necessary for the active ICs which are mounted on the sixth layer. The fourth, fifth and sixth layers were also used to integrate the transformer balun and the combline filter. The magnetic dipole located on the top layer used to feed the antenna was connected to the bottom layer through 50 characteristic impedance structured formed by an inner via and surrounding grounding via, as shown in Figs. 15  and 16 . The grounding vias connects the ground from the sixth layer to second layer which is the antenna ground.
The active components, the Bluetooth SOC (BC04-ROM, from CSR), the voltage controller, the crystal oscillator, the extra RAM, and all the other passive components were surface mounted on the sixth layer of the module. The module also had a USB port to provide the necessary power and data transfer. Three types of module were design and fabricated using the same size and shape of the substrate. First module has used exclusively commercial available components including the antenna the filter and the balun in the front end [4] , [5] , [22] , [23] (Fig. 17) . The second test module used the dielectric resonator package integrated antenna but the rest of the module was the same as in the first case (commercially available filter and balun) (Figs. 18 and 19) . The third module design has used the embedded front end described in Section III and the antenna described in Section II (Figs. 18 and 19) .
One complication brought in by the new balun is the way in which the direct current (dc) supply to bias the Bluetooth is implemented. Extra blocking capacitors are needed it to be added into the input of the chip to separate the dc path from the RF path, other wise the ground of the system can get corrupted by the dc bias due to the common grounding via used into the balun to short all the three coils to the ground. The dc bias of 1.8 V [4] , [5] needed it to the RF input has to be provided to both of the input ports. This will add an extra surface mount capacitor and inductor for the biasing network.
V. FUNCTIONAL TESTING
The test vehicles described in Section IV were functional tested by using them in a simple experiment, in which a Bluetooth enable phone was used to send and receive files to a laptop on which the new module was connected through the USB port. The laptop with the module was used to send a file to the phone. The distance between the base (laptop Bluetooth module) and the receiver (Bluetooth enable phone) was increased by moving the phone further and further. Both the Bluetooth module integrated into the mobile phone and our implementation were class II with a maximum output power of 2.5 mW (4 dBm), which have a nominal range up to 10 m, for transmitter and it has a sensitivity of dBm (BER 0.1%) for the receiver. The experiments described in this section were done in two environments, a long corridor where a direct site with no blocking between the two devices was available and an office environment where many obstacles were present (cubicle walls, desks, etc.).
The first step was to pair up the two Bluetooth devices, once paired-up the information can be sent between them. The "classic" module (test veh1) that has all the commercial available components (Fig. 17) was used first for the experiment. Once paired the phone was positioned one meter away from the laptop on which the Bluetooth was installed and we try to connect to the phone by sending a picture file.
The connection was done without any problems and we canceled the file transfer and the phone was moved further and the procedure repeated. No connection problem was noted until a distance of approximate 8-10 m was reached. In this range a difficulty in connecting was noticed. But most of the times when the connection was tried it was successful. Further than 10 m it was more and more difficult to connect and most of the times an error message of unable to make the connection was displayed by the software managing the wireless connection. It has to be mentioned that we were able to connect the two modules up to 15-17 m but only in certain case.
The same experiment was repeated with the other two modules on with the packaged DRA and the other one with the DRA and embedded front end (test veh2 and test veh3). Both yield similar results. The new module was able to connect to the Bluetooth phone without any problems up to 60-65 m. After 70 m we found that is more difficult to connect the two devices but connection was established up to 90 m. As mentioned before both of the two test vehicles had similar performances and we have attributed the boost in the performance to the DRA and good RF design.
The second experiment that was to send a file via the wireless connection and to move the receiver while the file is being sent further and further until the connection is broken. With first test vehicle the connection was broken around 16-20 m range. For the second and third test vehicle the range was extended all the way to 100-120 m.
In our third experiment we have recorded the time required for the data transfer. In a typical test case, we observed how long it takes for a 1500 kB JPEG picture file to be transferred between the laptop to the Bluetooth enabled phone through the wireless connection. Using the first test vehicle the file transfer was done in about 38 s when the distance between the two devices was less than 9 m. At 10 m away it took about 50 s to transfer the same file and at 12 m it took 102 s. For distances larger than 12 m the full file transfer had failed to take place. When the second and third test vehicles were used the distance at which 1500 kB file can be transferred in 38 s was extended up 45 m, and it took about 47 s at 50 m and at 60 m distance it was 57 s. The maximum distance was about 100 m at which the measured time was 110 s for the file to be transferred. The results of this experiment are summarized in Fig. 20 .
The experimental results characterized the overall module performance in term of data transfer rate. The speed of data transmission depends on the bit error rate of the communication channel. For the bit error rate below a definite threshold the Bluetooth operates at maximum data rate, which is in our case of about 40 kb/s. When the bit error rate is above the threshold and the transmitted data is severely corrupted, the Bluetooth hardware requests retransmission of the corrupted data until an acknowledgement is received indicating a successful transmission (or until a predefined time-out occurs). Since retransmission of the corrupted data requires additional time, the overall data rate through the channel will be reduced as the channel throughput is reduced. On the other hand, the bit error rate depends on signal to noise ratio at the receiver output. Therefore, the results presented in Fig. 20 indicates that the signal to noise ratio at the receiver output for the test vehicles 2 and 3 is maintained above the threshold level up to the distance of 45 m, while the for the standard Bluetooth module that distance was limited up to 9 m.
The performance degradation of the test vehicles 2 and 3 with the distance was less abrupt compared to the test vehicle 1. We believe that these improved performances observed for the test vehicle 3 and 2 are mainly due to the good RF design and superb characteristics of the DRA and the design methodology employed (SieP). The reason most wireless modules lack range is due to their poor RF design, poor matching can block most of RF power from and out of the chip. A lesser known and often ignored problem is detuning of antenna. Most of the antennae are designed to have maximum at the center of their frequency band, as they become smaller they become more dependent of the surrounding ground plane hence prone to severe detuning, shifting the maximum gain to a different frequency than desired. In this case the packaged integrated DRA is optimized for the size and the shape of the existent ground plane and due to its working principle and inherent property, it cannot be easily detuned, as in case of the small chip antenna used in test vehicle 1 [23] .
VI. CONCLUSION
Existent and emerging wireless devices need integration platforms that can take care of a diversity of technologies that can fulfill the required functional and economical needs. SoC may not be best solution for some RF systems, depending on the required functions, specifications, time, or target cost. However, conventional board level solution may not be acceptable either because of its large size, high-power consumption, and high cost. The SieP presented here using FR4 substrate with a package dielectric resonator antenna can provide high performance, low-power consumption at a lower cost. The excellent performance of the module is attributed to the DRA and the novel integration methodology (SieP) employed in this work. The work done in this project has demonstrated a way to interface and integrate an excellent antenna with the rest of commercial available technologies to realize a high performance functional module. Further integration for miniaturization embedding the front end-filter and balun-has also been demonstrated. The effectiveness of the new module was measured against a similar module in which conventional technologies employing-chip antenna and surface mount front end components were used to realize the module. Improvements in wireless link coverage area and power consumption have been obtained, demonstrating the efficiency of the new concept of integrated package antenna module. However, the present Bluetooth system standard demonstrated here may not be the most stringent and may not demand such a wide band and high efficiency antenna. At same time the integrated solution is highly inspiring and capable of supporting the upcoming enhanced data rate Bluetooth standards. Further more the design concept and methodology demonstrated in here has higher potential to cater to more demanding wireless access technologies such as MOFDM UWB or WLAN.
